ABSTRACT Calcium specifically binds to adipocyte plasma membranes, demonstrating two classes of binding sites having affinity constants of 4.5 X 104 M-and 2.0 X 1O0 M-'. Insulin (100 microunits/ml) added directly to the isolated plasma membranes caused no alteration in calcium binding, whereas incubation of the adipocytes with 100 microunits/m of insulin resulted in a 25.0 k 1.6% increase in calcium binding to the subsequently isolated plasma membranes. The increase in calcium binding produced by insulin resulted from an increase in the maximum binding capacities of both classes of binding sites without alteration in their affinity constants. Additionally, a second pool of calcium in adipocyte plasma membranes has been identified by atomic absorption analysis; it was more than two times larger than the maximum binding capacity of the calcium binding system. This pool of calcium was stable, did not participate in the 45Ca2+ exchange, and was unaltered by insulin treatment. A similar stable pool of magnesium exists in plasma membranes and was also unaffected by insulin treatment. The increased capacity of the isolated plasma membranes to bind calcium after insulin treatment of the cells may represent an important bioregulating mechanism and supports the concept that calcium may play an important role in the effector system for insulin.
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The metabolic effects of insulin are thought to be produced by the interaction of insulin with its receptors on the plasma membranes (1, 2) . This concept necessitates the involvement of a second messenger or an effector system to explain the mechanism of the complex cellular pleiotypic response to insulin. Considerable evidence suggests that adenosine 3':5'-cyclic monophosphate (cyclic AMP) does not fulfill the criteria of a second messenger for insulin in adipocytes (3, 4) and other cells (5, 6) . Alternatively, the divalent cations, calcium and magnesium, have been proposed as possible second messengers for insulin (7) (8) (9) (10) , with a large body of indirect evidence to support this theory. Krahl has reported that insulin caused an increased intracellular magnesium concentration in rat hemiuteri (11) and adipose tissue (12) and that calcium and magnesium were necessary for maximum insulin stimulation of protein synthesis (12) . Agents which promote an increased concentration of intracellular calcium, such as ouabain, procaine, lanthanum, and calcium ionophores, have been reported to mimic the antilipolytic action of insulin (9, 13, 14) . Insulin was found to alter efflux of 45Ca2+ from preloaded fat pads and adipocytes (8, 10) . Numerous intracellular enzymes have been reported to be both insulin and calcium sensitive (15) (16) (17) (18) The evaluation of cellular calcium distribution and regulation is difficult because intracellular calcium is highly compartmentalized with estimated concentrations ranging from 0.1 to 10 giM in the cytosol to 1-20 mM in the mitochondria (22) and microsomes (23) . Plasma membranes contain an additional, potentially important calcium pool and demonstrate a high transmembrane calcium gradient (22) . Since direct cytosol calcium measurements in hormone-sensitive cells are not feasible with present technology, isolated subcellular fractions commonly have been used to evaluate the control of subcellular calcium distribution. Such studies have yielded considerable insight into the mechanism of intracellular calcium homneostasis.
The adipocyte provides an ideal cell for analysis of the influence hormones may have upon the control of intracellular calcium. The isolated adipocyte demonstrates numerous well-characterized, measurable, hormone-sensitive processes (for review see ref. 24) , can be obtained in a homogeneous cell suspension (25) , and can be fractionated into highly purified and characterized subcellular fractions (26) . Calcium binding to purified adipocyte plasma membranes has been characterized previously (27, * 
RESULTS

Characteristics of calcium binding to adipocyte plasma membrane
The kinetic and equilibrium characteristics of calcium binding to isolated plasma membranes from adipocytes have been described (27, *). Calcium binding was specific, saturable, and totally displaceable by excess unlabeled calcium, and demonstrated two distinct classes of binding sites. Fig. 1 illustrates a Scatchard analysis of a typical calcium binding experiment assayed using the standard conditions of the present study. Affinity constants and maximum binding capacities derived by fitting the experimental data to computer-generated curves for two independent classes of binding sites agreed within 5-25% of those obtained directly from the Scatchard plots. Results were reproducible with affinity constants and maximum binding capacities (4 SEM; n = 4 preparations) of 4.5 i 0.4 X 04 M-1 and 1.83 i 0.25 nmol of calcium per mg of protein for the high affinity site and 2.0 1 0.2 X I0 M-' and 13.7 1 0.9 nmol/mg of protein for the low affinity site. Effect of insulin upon calcium binding Insulin concentrations from 65 microunits/ml to 3 milliunits/ml added directly to the system using control plasma membranes (isolated from cells not incubated with insulin) had no significant effect upon calcium binding in 35 paired experiments assayed at calcium concentrations from 1 jM to 1 mM (not shown). Insulin is known to bind to the plasma membranes under these conditions (30) . In contrast, plasma membranes isolated from cells which had been incubated with 100 microunits of insulin per ml demonstrated a 25.0 4 Plasma membrane isolation from insulin-treated and control cells and the calcium binding assays were performed as outlined in Table 1 . The maximum binding capacities (Bmax) were determined using double reciprocal plots of binding data from four paired preparations in which calcium binding was determined at more than seven different calcium concentrations. Calcium binding at each concentration was assayed in triplicate. The values shown represent the mean 4 SEM from four paired preparations. The differences between control and insulin-treated cells were significant using the Student paired t test (P <0.01).
Effect of insulin on calcium and magnesium content of isolated plasma membranes Atomic absorption analysis of the calcium content of isolated plasma membranes revealed a pool of calcium which was more than two times larger than the maximum binding capacity of the 45Ca2+ binding system. Previous characterization of the exchangeable calcium binding system indicated that, following isolation of the plasma membranes, the exchangeable sites were essentially unoccupied*. Therefore, the atomic absorption measurements did not reflect any significant amount of this exchangeable calcium compartment. Table 3 shows that insulin treatment did not significantly alter the pool of calcium that is measured by atomic absorption. In six of the 10 experiments represented, equilibrium calcium binding assays were performed (data included in Table 1 ) and the plasma membranes from the insulin-treated cells demonstrated increased calcium binding capacity. The magnesium content also was measured and no significant difference between the control and insulin-treated preparations was found. (37) .
DISCUSSION
It has been suggested that an increased cytosol concentration of calcium is responsible for the pleiotypic response of insulin (8) (9) (10) . The key component of this hypothesis has been the necessity for insulin to decrease calcium binding to plasma membranes, resulting in an increased cytosol calcium level (8, 9 ). The present data do not support this mechanism for raising cytosol calcium, since the actual binding capacity for calcium by the plasma membrane has been found to be increased.
However, this increase in calcium binding could still result in an increase in cytosol calcium if the plasma membrane is in equilibrium with both the extracellular and intracellular calcium with a gradient toward the cytosol. The increased calcium binding capacity of the plasma membrane could cause more extracellular calcium to bind to the membrane and in turn a new, higher equilibrium state between the plasma membrane and cytosol would be reached. This could relate to either a passive or active transport system. Another alternative is that the changes in calcium binding to the plasma membranes produced by insulin are unrelated to changes in the cytosol concentration of calcium but relate directly to alterations in plasma membrane processes controlled by insulin, such as the transport of glucose, amino acids, and ions. Furthermore, increasing the cytosol calcium concentrations, if it is necessary for insulin action on intracellular metabolic processes, could result from the ability of insulin to alter the calcium content of intracellular organelles such as mitochondria and endoplasmic reticulum (38) without directly altering calcium influx into or efflux from the cell. Regardless of which of the above interpretations is correct, it is clear that insulin can affect cellular calcium distribution and that this may play a central role in the mechanism of insulin action.
